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Recent results on neutrino oscillations and neutrino masses are pre-
sented. The most exciting news are the Super-Kamiokande measurements
of atmospheric neutrinos, which show evidence for the neutrinos being
massive. Various possible schemes for the neutrino masses are discussed.
1 Introduction
This report has been given at the request of the organizers of the Delphi sym-
posium. It summarizes the most exciting news on neutrino oscillations and neu-
trino masses, as they were presented at the Neutrino ’98 Conference (ν’98) at
Takayama (Japan) in June 1998, at the Ringberg Euroconference (New Trends
in Neutrino Physics) in May 1998, and in various recent publications.
One of the fundamental questions in particle physics is as to whether neu-
trinos have a mass (mν > 0, massive neutrinos) or are exactly massless (like
the photon). For the following reason this question is directly related to the
more general problem whether there is new physics beyond the Standard Model
(SM): In the minimal SM neutrinos have a xed helicity, always H(ν) = −1 and
H(ν) = +1. This implies mν = 0, since only massless particles can be eigen-
states of the helicity operator. mν > 0 would therefore transcend the simple
SM.
Direct kinematic measurements of neutrino masses have so far yielded only
rather loose upper limits, the present best values being [1]:
m(νe) < 15 eV (from tritium β-decay)
m(νµ) < 170 keV (90% CL) (from pi+ decay)
m(ντ ) < 18.2 MeV (95% CL) (from τ decays).
(1)
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Figure 1: Scheme of a neutrino oscillation experiment.
These limits will very likely not be improved considerably in the future.
Access to much smaller mass values is provided by neutrino oscillations [2].
They allow, however, to measure only dierences of masses squared, δm2ij 
m2i −m2j , rather than masses directly. For completeness we summarize briefly
the most relevant formulae for neutrino oscillations in the vacuum, consider-
ing for simplicity only two neutrino flavours (νa, νb), e.g. (νe, νµ) (two-flavour
formalism). The generalisation to three or more flavours is straight-forward in
principle, but somewhat more involved in practice [2].
The two flavour eigenstates (νa, νb) are in general related to the two mass
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where θ is the mixing angle. If m1 6= m2, the two eigenstates (ν1, ν2) evolve
dierently in time, so that for θ 6= 0 a given original linear superposition of
ν1 and ν2 changes with time into a dierent superposition. This means that
flavour transitions (oscillations) νa ! νb and νb ! νa can occur with certain
time-dependent oscillatory probabilities. In other words (Fig. 1): If a neutrino
is produced (or detected) at A as a flavour eigenstate νa (e.g. νµ from pi+ !
µ+ + νµ), it is detected, after travelling a distance (baseline) L, at B with a
probability P (νa ! νb) as flavour eigenstate νb (e.g. νe in νen ! pe−). The
probability P (νa ! νb) = P (νa ! νb) = P (νb ! νa) is given by




















P (νa ! νa) = 1− P (νa ! νb) (survival of νa)
where δm2 = m22 −m21 and E = neutrino energy. Thus the probability oscil-
lates when varying L/E, with θ determining the amplitude (sin2 2θ) and δm2
the frequency of the oscillation. The smaller δm2, the larger L/E values are
needed to see oscillations, i.e. signicant deviations of P (νa ! νb) from zero
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and of P (νa ! νa) from unity. Notice the two necessary conditions for ν os-
cillations: (a) m1 6= m2 implying that not all neutrinos are massless, and (b)
non-conservation of the lepton-flavour numbers.
The masses m(νa) and m(νb) of the flavour eigenstates are expectation values
of the mass operator, i.e. linear combinations of m1 and m2:
m(νa) = cos2 θ m1 + sin2 θ m2
m(νb) = sin2 θ m1 + cos2 θ m2
(4)
For a small mixing angle: m(νa)  m1, m(νb)  m2. For maximum mixing
(θ = 45): m(νa) = m(νb) = (m1 + m2)/2.
2 Atmospheric neutrinos
The most exciting new results presented at ν’98 come from Super-Kamiokande
on atmospheric neutrinos; they show convincing evidence for neutrino oscilla-
tions and thus for massive neutrinos.
Atmospheric neutrinos are created when a high-energy cosmic-ray proton
(or nucleus) from outer space collides with a nucleus in the earth’s atmosphere,
leading to an extensive air shower (EAS) by cascades of secondary interactions.
Such a shower contains many pi (and K) mesons (part of) which decay ac-
cording to
pi+, K+ ! µ+νµ pi−, K− ! µ−νµ
! e+νeνµ ! e−νeνµ , (5)
yielding atmospheric neutrinos. From (5) one would expect in an underground
neutrino detector a number ratio of
µ
e
 νµ + νµ
νe + νe
= 2 , (6)
if all µ decayed before reaching the detector. This is the case only at rather
low shower energies whereas with increasing energy more and more µ survive
due to relativistic time dilation (atmospheric µ). Consequently the expected
µ/e ratio rises above 2 (fewer and fewer νe, νe) with increasing ν energy. For
quantitative predictions Monte Carlo (MC) simulations, which include also other
(small) ν sources, have been performed modelling the air showers in detail and
yielding the fluxes of the various neutrino species (νe, νe, νµ, νµ) as a function
of the ν energy [3]. The various calculations agree on the absolute ν fluxes
only within  30% whereas the agreement on the flux ratio µ/e is much better,
namely within  5%.
Atmospheric neutrinos reaching the underground Super-Kamiokande detec-
tor can be registered by neutrino reactions inside the detector, the simplest and
most frequent reactions being CC quasi-elastic scatterings:
(a)
νen ! pe−
νep ! ne+ (b)
νµn ! pµ−
νµp ! nµ+ . (7)
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Figure 2: Schematic view of Super-Kamiokande [4].
Super-Kamiokande (Fig. 2) [4] is a big water-Cherenkov detector in the Ka-
mioka Mine (Japan) at a depth of  1000 m. It consists of 50 ktons (50 000
m3) of ultrapuried water in a cylindrical tank (diameter = 39 m, height = 41
m). The inner detector volume of 32 ktons is watched by 11 146 photomultiplier
tubes (PMTs, diameter = 2000) mounted on the volume’s surface and providing
a 40% surface coverage. The outer detector, which vetos entering particles
and tags exiting particles, is a 2.5 m thick water layer surrounding the inner
volume and looked at by 1885 smaller PMTs (diameter = 800). A high-velocity
charged particle passing through the water produces a cone of Cherenkov light
which is registered by the PMTs. The Cherenkov image of a particle starting
and ending inside the inner detector is a ring, the image of a particle starting
inside and leaving the inner detector is a disk. A distinction between an e-
like event (7a) and a µ-like event (7b) is possible (with an eciency of > 98%)
from the appearance of the image: an e has an image with a diuse, fuzzy
boundary whereas the boundary of a µ image is sharp. The observed numbers
of µ-like and e-like events give directly the observed ratio (µ/e)obs which is to
be compared with the MC-predicted ratio (µ/e)MC (for no ν oscillations) by
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Agreement between observation and expectation implies R = 1.
The events are separated into fully contained events (FC, no track leaving the
inner volume) and partially contained events (PC, one or more tracks leaving
the inner volume). For FC events the visible energy Evis, which is obtained
from the pulse heights in the PMTs, is close to the ν energy. With this in
mind, the FC sample is subdivided into sub-GeV events (Evis < 1.33 GeV) and
multi-GeV events (Evis > 1.33 GeV). In the multi-GeV range the ν direction is
determined as the direction of the Cherenkov-light cone, since at higher energies
the directions of the incoming ν and the outgoing charged lepton are close to
each other.
The double ratio R has been measured previously by Kamiokande, the
smaller predecessor of Super-Kamiokande with 3.0 ktons of water, yielding [5]
R = 0.60 0.060.05 (stat.)  0.05 (syst.) from 482 sub-GeV events
= 0.57 0.080.07 (stat.)  0.07 (syst.) from 233 multi-GeV events.
(9)
The new Super-Kamiokande result, based on larger statistics, is [6, 7]
R = 0.63 0.03 (stat.)  0.05 (syst.) from 2389 FC sub-GeV events
(10)
= 0.65 0.05 (stat.)  0.08 (syst.) from 520 FC multi-GeV events
and 301 PC events.
In all cases R is signicantly smaller than unity (atmospheric ν anomaly) which
is due, as it turns out (see below), to a decit of νµ, νµ and not to an excess of
νe, νe in (µ/e)obs. A natural explanation of this decit is that some νµ, νµ have
oscillated into (νe, νe) or (ντ , ντ ) according to (3) before reaching the detector.
However, the solution νµ ! νe of Kamiokande (not of Super-Kamiokande) is
ruled out by the CHOOZ experiment (see below) so that probably only νµ ! ντ
remains.
This explanation has been evidenced by a study of the ν fluxes and of R
as a function of the zenith angle  between the vertical (zenith) and the ν
direction. A ν with   0 comes from above (down-going ν) after travelling a
distance of L < 20 km (eective thickness of the atmosphere); a ν with   180
reaches the detector from below (up-going ν) after traversing the whole earth
with L  13000 km.
Fig. 3 shows for multi-GeV events (for which the ν direction can be deter-
mined) the dependence of R on cos as measured by Kamiokande [5]. Up-νµ
are seen to be missing (R < 1) whereas down-νµ appear in the expected fre-
quency (R  1). In terms of ν oscillations this means that part of the up-νµ have
changed their flavour on their long way through the earth whereas for down-νµ
L is so small that P (νµ ! νe, ντ ), eq. (3), is practically zero. The νµ decit in
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Figure 3: Dependence of the ratio R, eq. (8),
on the zenith angle  for multi-GeV events
from Kamiokande. The dotted histogram
shows the MC prediction including νµ $ ντ
oscillations with the parameters (11). The
dashed histogram is for νµ $ νe oscillations
[5].
Fig. 3 is the larger, the larger  and thereby L is. A quantitative oscillation
analysis yielded as the best-t parameters [5]
δm2 = 1.6  10−2 eV2 , sin2 2θ = 1.0 for νµ $ ντ . (11)
The t (dotted histogram in Fig. 3) describes the data points rather well.
Super-Kamiokande [6, 7] has measured the cos dependence not only of R,
but also of the νe and νµ fluxes separately: Fig. 4 shows the cos distributions
(crosses) of (a) FC e-like and (b) FC µ-like + PC events in the multi-GeV range.
(The PC events turned out to be practically all νµ events). The rectangles show
the MC predictions for no oscillations. An up-down asymmetry is dened as
A = (U −D)/(U + D) where U(D) is the number of events with −1 < cos <
−0.2 (0.2 < cos < 1). For no oscillations, A  0 is expected for Eν > 1
GeV, independently of the MC model. From the data in Fig. 4 the following
experimental values were obtained [6, 7]:
Ae = −0.036 0.070 , Aµ = −0.296 0.049 . (12)
Whereas there is no asymmetry for νe, Ae being compatible with zero, a clear
asymmetry with a 6σ signicance is observed for νµ. Moreover, whereas for
e-like events the data agree reasonably well with the MC prediction, for µ-like
events a decit is found at larger . No explanation other than ν oscillations
could be found for this decit. An oscillation analysis yielded a much better t
for νµ $ ντ (χ2/NDF = 65/67) than for νµ $ νe (χ2/NDF = 88/67). The
best-t parameters are
δm2 = 2.2  10−3 eV2 , sin2 2θ = 1.0 for νµ $ ντ , (13)
to be compared with (11). Fig. 5 shows in the (sin2 2θ, δm2) plane the allowed
regions from Kamiokande (90% CL) and from Super-Kamiokande (68, 90, 99%
CL). The Kamiokande and Super-Kamiokande 90% CL regions have only a small




Figure 4: Zenith-angle distri-
bution of (a) FC e-like and
(b) FC µ-like + PC events
in the multi-GeV range from
Super-Kamiokande. The
points show the data, the
rectangles show the MC pre-
diction for no oscillations [6].
Figure 5: Allowed regions
in the (sin2 2θ, δm2) plane
for νµ $ ντ oscillations from Ka-
miokande (90% CL) and Super-
Kamiokande (68%, 90%, 99% CL)
[7].
for a full oscillation (oscillation length Losc = 4pihcE/δm2) is Losc  500 km
according to eq. (3) for E = 1 GeV.
In conclusion: Evidence has been found by Kamiokande and more signi-
cantly by Super-Kamiokande for ν oscillations νµ $ ντ with δm2  0.5  10−2
eV2 and maximal mixing. For a hierarchical mass scenario m1  m2  m3
this implies m3 
p
δm2  0.07 eV. More generally, this value can be regarded
as a lower limit of m3 (m3 =
p
δm2 + m22 
p
δm2).
For completeness we mention two experiments, Kamiokande[8] and MACRO
[9], that have recently measured up-going ( > 90) muons which pass through
the detector from outside. Owing to their large zenith angle  they cannot
be atmospheric muons { those would not range so far into the earth {, but
are rather produced in CC reactions by energetic (hEνi  100 GeV) up-going
νµ, νµ in the rock surrounding the detector. In both experiments a decit,
although not very signicant because of large errors, is observed in the flux
of upward through-going muons as compared to the theoretical expectation:
µobs/µMC = 0.79  0.18 from Kamiokande and 0.74  0.14 from MACRO; the
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Table 1: The ve solar ν experiments and their results (using a recent compila-
tion [12]). The SSM is BP95.
Threshold ResultExperiment Reaction
[MeV] (Result/SSM)
Homestake Cl37(νe, e−)Ar37 Eν > 0.814 2.56  0.22 SNU
(0.28 0.04)
GALLEX Ga71(νe, e−)Ge71 Eν > 0.233 78  8 SNU
(0.57  0.05)
SAGE Ga71(νe, e−)Ge71 Eν > 0.233 67  8 SNU
(0.49  0.07)
Kamiokande νe ! νe Eν > 7.5 (2.80  0.38) 106 cm−2 s−1
(0.42  0.09)




 106 cm−2 s−1
(0.37  0.07)
1 SNU (Solar Neutrino Unit) = 1 νe capture per 1036 target nuclei per sec
errors are mainly due to the relatively large theoretical flux uncertainty. Using
the zenith angular distribution of the upward through-going muons for an os-
cillation analysis, Kamiokande obtains the following best-t parameters in the
physical region (to be compared with the values (11) and (13)):
δm2 = 3.2  10−3 eV2 , sin2 2θ = 1.0 for νµ $ ντ . (14)
However, the 90% CL allowed region in the (sin2 2θ, δm2) plane (not shown) is
much larger than the allowed Kamiokande region in Fig. 5, which shows that
the through-going muon data are much less restrictive than the data with ν
interactions taking place in the detector. Similarly, MACRO obtains an allowed
region around the values
δm2 = 2.5  10−3 eV2 , sin2 2θ = 1.0 for νµ $ ντ . (15)
3 Solar neutrinos
Solar neutrinos come from the fusion reaction
4p ! He4 + 2e+ + 2νe (16)
inside the sun with a total energy release of 26.7 MeV after two e+e− annihila-
tions. The ν energy spectrum extends up to about 15 MeV with an average of
hEνi = 0.59 MeV. The total ν flux from the sun is φν = 1.87  1038 sec−1.
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Figure 6: Survival probability P (νe !
νe) vs. ν energy Eν for δm2  6 10−6
eV2, sin2 2θ  0.007 (small-angle so-
lution). The dashed lines show (with
arbitrary scale) the flux spectra of the
pp, Be7, pep and B8 neutrinos.
